Chloroplast simple sequence repeats amplicons in 5 subspecies of Brassica oleracea were sequenced, and one chloroplast SNP was detected in amplicon ACP43. Through the introduction of an RsaI recognition site by adding one mismatch in the forward primer, combined with the increased primer length and raised annealing temperature, the dCAPS (derived cleaved amplified polymorphic sequences) marker ACP43-93 RsaI was successfully developed. By using the dCAPS marker, the subspeciesspecific SNP was assayed in 206 materials representing the wide distribution of B. oleracea. This is the first report of chloroplast DNA (cpDNA) variation in cultivated subspecies of B. oleracea, which showed that chloroplast diversity existed at the intersubspecies level. Unlike other subspecies, most of the broccoli and all of the cauliflower materials sharing the same haplotype showed closer relationships in cpDNA level. Furthermore, the dCAPS haplotype of the offspring from 7 male sterile backcross populations was the same as the female parents, indicating maternal inheritance.
The species Brassica oleracea contains numerous wild and cultivated subspecies, including various types of vegetable and ornamental crops, such as cabbage, broccoli, cauliflower, Chinese kale, kohlrabi, Brussels sprouts, collards, kale, etc. (Gladis and Hammer 2001) . Chloroplast DNA (cpDNA) and mitochondrial DNA have been widely used in studies of evolution and phylogeny due to their mainly maternal inheritance and slow rate of mutation (Wolfe et al. 1987; Nishiyama et al. 2004; Lehnebach et al. 2007) . The silent mutation rate in cpDNA is 3 times that of the mitochondria genome (Wolfe et al. 1987; Lynch et al. 2006) , so more studies have been targeted to chloroplast variation than that of mitochondria in many crops, such as rice, maize, wheat (Matsuoka et al. 2002; Tang et al. 2004) , bitterbrush (Horning and Cronn 2006) , B. rapa, and B. napus (Johannessen et al. 2005) .
In the genus Brassica, the intergenic regions of the chloroplast genome have often been examined for interspecies variation (Palmer et al. 1983; Lannér 1998; Flannery et al. 2006) . Panda et al. (2003) digested cpDNA amplicons of 12 primer pairs with 3 restriction enzymes but revealed no variation in B. oleracea cpDNA. Furthermore, Allender et al. (2007) studied the chloroplast genetic diversity of 171 accessions representing the Brassica C genome and found that 101 cultivated accessions shared a single haplotype. In particular, no chloroplast variation among cultivated subspecies of B. oleracea has been documented so far.
PCR-based cleaved amplified polymorphic sequences (CAPS) markers have been widely used for rapid and reliable detection of SNPs containing a unique restriction site. However, most SNPs do not contain such site and thus cannot be used as CAPS. Michaels and Amasino (1998) and Neff et al. (1998) demonstrated that SNPs with no restriction site difference could be employed for the development of PCR-based markers by the derived CAPS (dCAPS) method. With this method, a restriction enzyme recognition site including the SNP is introduced into the PCR product by using a primer containing one or more mismatches. Like the CAPS technique, the dCAPS method is simple and relatively inexpensive (Neff et al. 1998 ) and has been widely applied for rapid and efficient screening of SNPs (Yanagisawa et al. 2003; Komori and Nitta 2005; Shahinnia and Sayed-Tabatabaei 2009) .
Both chloroplast and mitochondrial genomes are nonrecombining and inherited from only one parent (normally maternal inheritance in angiosperms) (Allender et al. 2007) . Inheritance of plastids in interspecies crosses between B. rapa and B. napus has been proved to be maternal using cpDNA-specific primers (Scott and Wilkinson 1999; Johannessen et al. 2005) . But the inheritance of the B. oleracea chloroplast genome remained unknown. The objectives of this study were to assess subspecies diversity within the chloroplast genome of B. oleracea and to explore the inheritance of the B. oleracea chloroplast genome.
Materials and Methods

Plant Material
The plant materials used for this study are listed in Supplementary Table S1 . A total of 216 distinct materials were used for dCAPS screening. Except for 6 dominant genic male sterile (DGMS) lines and 1 cytoplasmic male sterile Ogura CMSR 3 line, the other 209 materials were male fertile. Ten lines (08B1, 08B2, 08C121, 08C130, 07G300, 07G329, 08A2, 08A12, 08K8, and 08K13) representing 5 subspecies were used for preliminary chloroplast simple sequence repeats (cpSSR) polymorphism discovery and dCAPS development.
DNA Isolation, PCR Products Amplification and Separation, SNP Detection
Total DNA was isolated from tender leaf tissue with the modified hexadecyltrimethylammonium bromide method (Murray and Thompson 1980) . All 32 cpSSR primers developed by Zhang et al. (2011) were used to screen the chloroplast polymorphism of subspecies. PCR products were amplified with the method described in Zhang et al. (2011) . PCR products were separated by 8% polyacrylamide gel electrophoresis (Acrylamide: Bis 5 29:1) and visualized with silver staining (Panaud et al. 1996) . Each PCR product was directly sequenced using an automated DNA sequencer (ABI 3730, Applied Biosystems, Foster City, CA) with its own primers. Then the sequences were aligned with DNAStar software (DNASTAR Inc., Foster City, CA) to discover SNPs.
Conversion of Subspecies-Specific SNP into dCAPS Marker
The DNAStar software was used to determine whether the SNP could be converted into a CAPS marker. If not, then dCAPS primer was designed online (http://helix.wustl.edu/ dcaps/dcaps.html). To ensure fidelity, gradient PCR was employed to determine the annealing temperature for dCAPS amplified products. The PCR was performed as above except for the annealing temperature. Then the PCR products (17 ll) were digested in 2.0 ll 10� buffer and 1.0 ll (10 units) of restriction enzyme RsaI (New England Biolabs Inc., Beverly, MA). The digested products were separated on 2% agarose gel. Besides the initial 10 lines (08B1, 08B2, 08C121, 08C130, 07G300, 07G329, 08A2, 08A12, 08K8, and 08K13), the other 206 distinct materials belonging to different subspecies were used to confirm the subspecies-specific SNP by using the dCAPS marker.
Maternal Inheritance of Chloroplast SNP by Using dCAPS Marker
DGMS is a male sterile mutant from cabbage (Fang et al. 1997) , and Ogura CMSR 3 is a protoplast fused Ogura CMS source that is widely used in B. oleracea hybrid production (Fang et al. 2004) . Because these 2 male sterile sources have been transferred into cabbage, cauliflower, and broccoli, the haplotype difference of 2 male sterile sources were then used for the maternal inheritance study.
Maternal inheritance 
Results
PCR Products Polymorphism and SNP Detection
Ten lines representing 5 subspecies of B. oleracea were used to screen for polymorphism with 32 cpSSR primers. All primers were amplifiable from these materials. No polymorphism was detected when PCR products were separated on 8% polyacrylamide gel, suggesting little polymorphism in these regions among the subspecies examined.
Because the resolution of the polyacrylamide gel was limited and it is unknown whether there is sequence variation, the PCR products amplified with 32 primers from all 10 lines were sequenced. Sequence analysis revealed only one SNP, at 93 bp (G/C), in the amplicon of ACP43 primer ( Figure 1A ), which located in the petD intron region according to the annotation of Arabidopsis thaliana chloroplast genome (GenBank: 7525012). The 93rd nucleotide in cabbage, kohlrabi, and Chinese kale was G, whereas in cauliflower and broccoli, it was C. We preliminarily refer to the ACP43-93G/C SNP as a subspecies-specific marker. The presence of one SNP in all the amplicons of the 32 primers is consistent with the idea that these subspecies are closely related.
Conversion of the Chloroplast SNP Marker into a dCAPS Marker
A CAPS marker is a quick and easy way to genotype SNPs. However, there were no restriction enzyme sites near ACP43-93G/C, so conversion of a dCAPS marker was attempted. By adding 1 bp mutation (T-G) in the forward primer, an RsaI recognition site (-GTAC-) was introduced into the forward primer F2 ( Figure 1A ) to convert the SNP into dCAPS marker. However, none of the amplicons from kohlrabi 08K8 and broccoli 08B1 were digestible by RsaI. The sequences of the amplicons showed that 3 sites (þ1, þ9, þ19 bp) in the amplicon of forward primer F2 were mismatched, which explained why amplicons of this primer could not be digested. Due to the palindromic sequence around the SNP, we proposed that the hairpin structure could affect the fidelity of the amplification. One way to ensure fidelity is to increase the annealing temperature ( Figure 1B) . With primer F2/R2, the annealing temperature could only be increased to 55°C, which produced amplicons indigestible with RsaI. Consequently, a 40 bp forward primer F3 and a 27 bp reverse primer R3 containing an RsaI restriction site were designed. As a result, the annealing temperature could be increased to 65°C, and the amplicon of broccoli 08B1 could be digested with RsaI but not that of kohlrabi 08K8 ( Figure 1C ). This observation was confirmed by analysis of the other 8 materials (07G300, 07G329, 08A2, 08A12, 08B2, 08C121, 08C130, and 08K13). Therefore, the dCAPS marker was named ACP43-93 RsaI.
Confirmation of the Subspecies-Specific Character of ACP43-93 RsaI
To confirm the subspecies-specific character of ACP43-93 RsaI, additional subspecies and genotypes were screened, including 206 materials representing wide distribution of different subspecies (Supplementary Table S1 ). All 64 cauliflower materials presented the haplotype of 226 bp digested from the 264 bp amplicon (Table 1, Figure 2 ). Among 44 broccoli materials, 39 presented the 226 bp haplotype but 5 materials presented the 264 bp haplotype (Table 1 ). The other subspecies had the 264 bp haplotype that could not be digested by RsaI. Overall, the dCAPS marker ACP43-93 RsaI was a subspecies-specific chloroplast marker, which provided cp DNA evidence for the hypothesis that broccoli and cauliflower were more closely related than other cultivated B. oleracea subspecies at the cp DNA level.
Maternal Inheritance of the dCAPS Marker
Six DGMS lines of cabbage showed the 264 bp haplotype, which was consistent with the cabbage haplotype. Because DGMS is a male sterile mutant in the nuclear genome from cabbage line 79-399, the chloroplast haplotype is still the same as that of cabbage. Ogura CMSR 3 , which is an allocytoplasmic male sterile source, showed the 226 bp haplotype. In the cauliflower and broccoli dominant male sterile backcross populations and the cabbage Ogura CMSR 3 backcross population, all the offspring showed the same dCAPS haplotype as the female parents, indicating maternal inheritance (Table 2) .
Discussion
Chloroplast Diversity and the Evolution of B. oleracea Subspecies
Despite the wide variation among the nuclear genomes of B. oleracea subspecies (Song et al. 1990; Louarn et al. 2007) , the chloroplast genome of B. oleracea subspecies is highly conserved. No variation of cp DNA was seen among 9 wild populations of B. oleracea in 12 cp DNA amplicons digested by 3 restriction enzymes (Panda et al. 2003) . Chloroplast diversity was revealed by 6 cpSSR primers in B. oleracea, but 101 cultivated accessions belonging to 8 subspecies shared a single haplotype C: 01 (Allender et al. 2007) . In this study, 32 cpSSR primers were used to explore the chloroplast diversity of different subspecies, and only one SNP was discovered distinguishing cauliflower and broccoli from the other subspecies. Therefore, the SNP marks the first discovery of chloroplast (F2, F3) containing the mismatch shown in lowercase were designed together with reverse primers (R2, R3) differed in their primer lengths. The mismatch was expected to generate an RsaI site (GTAC) only in the PCR products from broccoli 08B1. (B) Agarose gel electrophoresis profiles. The PCR products (left panel) with primers F2 and R2 were amplified with 3 annealing temperature gradients (53-57°C). The PCR products (right panel) with primers F3 and R3 were amplified with 3 annealing temperature gradients (61-65°C). (C) The digested products of F3-R3 amplicon with RsaI were separated on a 2% agarose gel in Tris-acetate/EDTA buffer. M: DNA 100 bp ladder. 1: kohlrabi 08K8; 2: broccoli 08B1.
variation among cultivated B. oleracea subspecies. The SNP showed a subspecies-specific character among all the 216 accessions, which were collected from 14 countries or regions (Supplementary Table S1 ) and represented the wide distribution of cultivated accessions of B. oleracea.
Among different domestic plant taxa, the cultivated subspecies of B. oleracea display extreme morphological divergence. Cabbage, Savoy cabbage, Brussels sprouts, and kale have marked modification of leaf organs. Broccoli and cauliflower form a curd that is a large undifferentiated inflorescence. Kohlrabi has a thickened stem as the edible part. Chinese kale is usually grown for its tender bolting stems. The origin and evolution of B. oleracea subspecies remain ambiguous, and it was not the major goal of our study to elucidate them. However, other studies have suggested some hypotheses based on studies of the nuclear genome. Using restriction fragment length polymorphisms (RFLPs) markers, Song et al. (1990) suggested that cauliflower was later developed from broccoli. Lowman and Purugganan (1999) proposed a hypothesis of subspecies evolution based on the genetic changes of gene BoCAL and BoAP1-B. In our study, the subspecies-specific SNP confirmed the results of Lowman and Purugganan (1999) and Gray (1982) , which showed that broccoli was closely related to cauliflower. Wild cabbage is proposed as the ancestor of the B. oleracea subspecies (Thompson 1976; Gray 1982; Lowman and Purugganan 1999) , and 5 broccoli materials shared the same haplotype with wild cabbage, but none with cauliflower. Therefore, the chloroplast SNP provided one chloroplast evidence for the proposal of Lowman and Purugganan (1999) that the evolutionary route of cauliflower and broccoli is different from that of other cultivated B. oleracea subspecies, for the opinion that cauliflower may originate from broccoli (Song et al. 1990; Gómez-Campo and Prakash 1999) . More chloroplast or mitochondria evidence still needs to be discovered to clarify the evolutionary relationship of broccoli and cauliflower.
Cytoplasm Origin of Ogura CMSR 3 and the dCAPS Marker
Male sterile sources in B. oleracea mainly consist of 2 types: DGMS and Ogura CMS (Fang et al. 1997; Fang et al. 2004) . Ogura CMS is widely used in B. oleracea because it is much easier to use than DGMS. The Ogura CMS found in radish was originally transferred to B. oleracea by sexual crosses, but the progeny showed a low temperature chlorosis (Bannerot et al. 1977) . Cold-tolerant Ogura CMS B. oleracea lines have obtained by protoplast fusion. For example, Walters et al. (1992) recovered some cold-tolerant Ogura male sterile cauliflower plants via fusion of Ogura CMS and fertile cauliflower protoplasts. The radish chloroplasts (which were responsible for the chlorosis) were replaced with cauliflower chloroplasts, whereas radish mitochondria conferring CMS were maintained. In this study, the dCAPS marker of Ogura CMSR 3 showed the 226 bp haplotype, which was the same 
Maternal Inheritance of the Chloroplast dCAPS Marker
Use of chloroplast RFLP markers in interspecies hybridization has shown that most angiosperm species display maternal inheritance of the chloroplast genome (Reboud and Zeyl 1994) . However, cpDNA can also be biparentally inherited, as in Medicago and Passifloraceae (Hansen et al. 2007) , or paternally inherited, as in Actinidia (Testolin and Cipriani 1997) and several gymnosperms. The chloroplast inheritance in B. oleracea has not been reported, partly because no polymorphism has been discovered. Based on our results, chloroplasts appear to be maternally inherited in cabbage, broccoli, and cauliflower. The substantiation of maternal inheritance in B. oleracea provides scientific evidence not only that the B. oleracea cpDNA has advantages in the evolutionary studies but also that dispersal of transgenes via pollen is unlikely in transplastomic B. oleracea genotypes.
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/.
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